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High quality ZnS thin films are important for light emitting diodes based on ZnS, which is a very
efficient phosphor. To improve as grown, molecular beam epitaxial, ~111!-oriented cubic ZnS films,
where defects were introduced due to the large mismatch between ZnS and a sapphire substrate
(;20%), the ZnS was recrystallized by annealing at temperatures in the 825– 1000 °C range, and
sulfur pressures of 10 atm. The films have been structurally characterized by high-resolution x-ray
diffraction, and electron diffraction by electron channeling patterns. Structural properties of the
films annealed at temperatures above 900° have improved significantly. Tilting in the recrystallized
films has been reduced more than tenfold, with the recrystallized grains being defect-free. Most
films were recrystallized in the as-grown, cubic form, as shown by electron channeling patterns. The
surfaces of the films have been inspected with scanning electron microscope, and on most samples
they have been found to remain smooth, although on some of the films annealed at elevated
temperatures we have observed hexagonal pits. The role of sulfur gas overpressure in the
recrystallization has been discussed, and possible effects on film evaporation, grain boundary
migration and compliancy of sapphire substrate have been analyzed. © 1998 American Institute of
Physics. @S0003-6951~98!03022-8#Zinc sulfide, with its wide band gap (;3.8 eV) and ex-
cellent luminescence, which can be obtained in almost the
whole visible range with suitable dopants, is a very attractive
material for light emitting diodes ~LEDs!,1,2 lasers,3 and flat-
panel electroluminescent ~EL! displays.4,5 We have recently
proposed6 and demonstrated7 an n-ZnS:~Ag,Al!/p-GaN:Mg
heterostructure blue light emitting LED. The fabrication of
this device requires growth of ZnS on a heavily mismatched
GaN substrate. The initial phases of growth in the heavily
mismatched interface geometry are the most critical, and it is
not expected that the ZnS epilayer would grow coherently
for more than 1 monolayer.7 In fact, the large mismatch-
related energy will be relaxed in the form of tilting and three-
dimensional relaxation.7,8 This would certainly damage the
overall crystalline quality of the ZnS layer, which is known
to be critical to the performance of the II–VI-based optical
devices.9
In this study, we report on the solid phase recrystalliza-
tion ~SPR! of undoped, 0.3–0.5 mm thick, molecular beam
epitaxy ~MBE! grown, ~111!-oriented, cubic ZnS films on
sapphire ~;20% mismatch!. Details about the growth sys-
tem and procedures can be found in Ref. 7. Thermal anneal-
ing at large sulfur overpressure consistently improved the
structural properties of the films, thereby compensating the
effects of strong mismatch. Some of the previous efforts on
recrystallization of thin films are described in Ref. 10. Pres-
ently, recrystallization is an important industrial process, and
plays a vital role in the manufacture of steel and aluminum,11
and HgCdTe.12 Solid phase recrystallization of bulk ZnSe,
CdTe and CdSe was recently successfully demonstrated by
Triboulet et al.,13,14 by annealing at the high temperatures
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optical and structural properties were obtained.15
To contain ZnS samples and sulfur during the experi-
ment, quartz ampoules with 2 mm thick walls were used.
Prior to the experiment, the ampoules were cleaned with or-
ganic solvents ~acetone and isopropyl alcohol! and then
baked at 1000 °C for 2–4 h. The MBE-grown undoped ZnS/
sapphire films were placed in the ampoules together with
100–200 mg of 99.9999% sulfur. The amount of sulfur
placed in the ampoule was calculated according to the van
der Waals equation of state, so that gas pressure of 10 atm is
reached on the anneal temperature. The ampoules were then
attached to a turbo-molecular pump to attain a vacuum of
131026 Torr, and then sealed while the pump was still run-
ning. The sealed ampoules were then transferred into the
temperature-controlled furnace. The temperature was slowly
increased at the rate of 2 – 3 °C/min to avoid thermal strains,
until the final temperature in the 825– 1000 °C range was
achieved. After the samples were kept at this temperature for
2–20 h, the temperature was reduced slowly at the rate of
2 – 3 °C/min, again to avoid thermal stressing.
Samples were characterized before and after the anneal-
ing by ex situ high resolution x-ray diffraction ~HRXRD!,
using a Philips PW3710 materials research diffractometer.
The V and V/2Q scans around the ZnS thin film ~111! re-
flections were performed in the four- or six-crystal mode
~without or with a Bonse–Hart collimator in front of the
detector!, respectively, using Ge~220! reflections. To charac-
terize the effects of different anneal temperatures, one
sample ~II391! was cut into five pieces, and each of them
was annealed at different temperatures between 825 and
922 °C. The anneal temperature has to be chosen below the
melting temperature, but has to be high enough so that the
original grain boundaries become unstable. At that point, the2 © 1998 American Institute of Physics
to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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aries and growth of defect-free nuclei. The anneal time
ranged between 11 and 15 h, and sulfur overpressure was
kept constant at 10 atm. The x-ray V scans ~Fig. 1! and the
full width at half maximum ~FWHM! of the curves as a
function of temperature ~Fig. 2! indicate the amount of mo-
saic tilting present in the films,16 and show that the crystal-
line mosaicity is reduced significantly at anneal temperatures
above 900 °C. As-grown samples exhibited mosaic structure
with grains approximately 10 mm or less in size. Following
recrystallization, the degree of mosaic tilting reduced ap-
proximately an order of magnitude, while the size of mutu-
ally tilted grains increased to approximately 130 mm or less.
However, the overall crystalline orientation was preserved
across the grain boundaries, which was verified by x-ray dif-
fraction on the asymmetric set of crystalline planes. The
typical FWHM of V/2Q curves for the samples in the II391
series after recrystallization was around 50 arcsec measured
in the six-crystal configuration ~using a Bonse–Hart mono-
chromator with 12 arcsec acceptance angle in front of the
detector!. It was not possible to use this particular configu-
ration before recrystallization, because the quality of the
crystal was not good enough. Measured with the four-crystal
configuration, the typical width before recrystallization was
around 270 arcsec ~450 arcsec was typically measured, but
there is a correction of 180 arcsec for the slit width!. The
width of the V/2Q scan corresponds to the crystalline qual-
ity of the individual grains, and in the case of the symmetri-
cal reflection @like ~111!# it depends on the thickness L of the
sample approximately as ;0.886l/(cos uL);299/L(mm).17
Since the thickness of the sample II391 was 0.45 mm, the
width of 50 arcsec corresponds to recrystallized, defect-free
FIG. 1. Summary of x-ray V scans for different recrystallization tempera-
tures of sample II391. The curves for samples recrystallized at higher tem-
peratures have lower widths and higher maximum intensity.
FIG. 2. Summary of FWHMs of x-ray V scans for different recrystallization
temperatures of sample II391.
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a JEOL 6400 V scanning electron microscope ~SEM!. The
pattern for sample II366, recrystallized at 970 °C for 3 h at
sulfur pressure of 10 atm, is shown in Fig. 3. The corre-
sponding V and V/2Q scans, before and after recrystalliza-
tion, are shown in Fig. 4. It was not possible to obtain visible
ECPs for samples before they were recrystallized, probably
due to tilting and the large number of defects. In Fig. 3 we
notice fine structure, where each line corresponds to the set
of crystalline planes reflecting or absorbing high energy elec-
trons. The high level of detail on this image corresponds to
good crystallinity, in agreement with the x-ray measure-
ments. The pattern has three-fold symmetry, indicating that
the sample is indeed cubic, and that no phase transition to the
hexagonal crystal modification ~which would have six-fold
symmetry! occurred.
The changes in surface morphology of the recrystallized
samples have been investigated with the SEM. On most of
the samples, the surface morphology after recrystallization
remained smooth, which is important for device-related rea-
sons, like electrical contacting. However, on some samples
recrystallized at higher temperatures we observed hexagonal
pits ~see Fig. 5!. One possible reason for the formation of
pits at higher recrystallization temperatures is excess crystal-
line volume associated with a large density of defects. Dur-
ing the recrystallization process and boundary migration, the
annihilation of defects takes place, during which volume of
the crystal reduces, resulting in the pit formation. At lower
temperatures, however, the boundary migration is slower and
crystal relaxation times larger, which leads to fewer or no
pits formed.
FIG. 3. Electron channeling pattern of the sample II366, recrystallized at
970 °C for 3 h at sulfur pressure of 10 atm. The threefold symmetry of the
pattern indicates cubic crystalline lattice and that no phase transition oc-
curred. The fine structure in the pattern confirms good crystallinity of the
sample.
FIG. 4. V and V/2Q scan x-ray curves of the sample II366 before and after
recrystallization process. The anneal temperature was 970 °C and the sulfur
overpressure 10 atm. The maximum intensities of the curves in the case of
the recrystallized sample have been reduced to the maximum intensity of the
initial curve, so that curve widths can be compared.to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the high sulfur overpressure greatly reduces zinc partial pres-
sure, and thus prevents the evaporation of the ZnS film. Sec-
ond, the sulfur-rich stoichiometry produces grain boundaries
enriched by fast diffusing sulfur, which helps grain boundary
migration. The important solubility of the chalcogen in the
chalcogenides was accounted for to explain that in the case
of bulk ZnSe successful recrystallization rates cannot be ob-
tained under zinc overpressure.13 In addition, we hypothesize
that sulfur might also play an important role at the ZnS/
sapphire interface. The significant difference between recrys-
tallization of thin films and bulk is the large mismatch-
related energy accumulated at the interface, which should
reduce grain boundary mobilities. One possible route for the
relaxation of this energy is a sulfur-rich ZnS/sapphire inter-
face. Sulfur-terminated sapphire surface might change into a
‘‘quasi van der Waals’’ one, similar to the selenium-
terminated GaAs surface.18 Weaker interface bonding could
change interface structure, assist boundary migration and
provide compliancy to the sapphire substrate.
In conclusion, ZnS thin films on sapphire were recrys-
tallized, by annealing at temperatures above 900 °C at sulfur
overpressure of 10 atm. The structural properties of
samples—quantified in terms of widths of x-ray V and
V/2Q scans—significantly improved, indicating more than a
tenfold reduction in tilting and excellent crystallinity. The
electron channeling patterns confirmed good structural qual-
ity of the films. Surfaces of most recrystallized samples re-
FIG. 5. Surface of the sample II391 recrystallized at 922 °C. The change in
the surface morphology in form of hexagonal pits can be observed.Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject mained smooth, which is important for device-related appli-
cations. On some samples recrystallized at elevated
temperatures the formation of hexagonal pits was observed
and associated with the annihilation of a large number of
defects initially occupying excess crystalline volume. The
role of sulfur was discussed, both in preventing film evapo-
ration and increasing boundary migration and providing
compliancy to sapphire substrate.
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